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High temperatures affect grape yield and quality. Grapes can develop thermotolerance under extreme temperature stress. However, little is known about the changes in transcription that occur because of high-temperature stress. The heat resistance indices and transcriptome data of five grape cultivars, ‘Xinyu’ (XY), ‘Miguang’ (MG), ‘Summer Black’ (XH), ‘Beihong’ (BH), and ‘Flame seedless’ (FL), were compared in this study to evaluate the similarities and differences between the regulatory genes and to understand the mechanisms of heat stress resistance differences. High temperatures caused varying degrees of damage in five grape cultivars, with substantial changes observed in gene expression patterns and enriched pathway responses between natural environmental conditions (35 °C ± 2 °C) and extreme high temperature stress (40 °C ± 2 °C). Genes belonging to the HSPs, HSFs, WRKYs, MYBs, and NACs transcription factor families, and those involved in auxin (IAA) signaling, abscisic acid (ABA) signaling, starch and sucrose pathways, and protein processing in the endoplasmic reticulum pathway, were found to be differentially regulated and may play important roles in the response of grape plants to high-temperature stress. In conclusion, the comparison of transcriptional changes among the five grape cultivars revealed a significant variability in the activation of key pathways that influence grape response to high temperatures. This enhances our understanding of the molecular mechanisms underlying grape response to high-temperature stress.
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1 Introduction

Grapes have a long cultivation history and rich germplasm resources. According to latest data from the National Bureau of Statistics, in 2022, China’s grape production is 15.3779 million tons (http://data.stats.gov.cn). Similarly, fresh grapes accounted for approximately 42% of the total. The projected figures indicate that the fresh and dried grape planting area in Xinjiang will remain stable at approximately 0.1 million hectares by 2025. Furthermore, it is anticipated that the yield will exceed 2.5 million tons during this period (Wu et al., 2021). Extreme temperature events are predicted to occur more frequently, intensively, and for longer periods. In several regions, the noon temperature can reach 40°C or higher. High temperatures (HTs) adversely affect the development and composition of grapes, posing a significant threat to their yield and quality. This could undermine the environmental and economic sustainability of grape production (Schultz and Jones, 2010; Fraga et al., 2016). Previous studies on the response and adaptation of grapes to HT have primarily focused on morphological and physiological changes. These include changes in photosynthesis, hormone levels, and antioxidant systems (Wang and Li, 2006; Wang et al., 2009; Luo et al., 2011; Bita and Gerats, 2013). With the availability of the grape genome sequence, more studies have focused on transcriptomic and proteomic changes in response to heat stress. Several transcriptomic studies have explored the effects of heat stress on plant species, such as potatoes, tomatoes, rice, tobacco, and Arabidopsis (Higashi et al., 2015; González-Schain et al., 2016; Keller et al., 2018; Rahmati et al., 2018; Blair et al., 2019; Liu G. et al., 2020; Liu H. et al., 2020; Tang et al., 2020; Bineau et al., 2021; Liu et al., 2021).

Despite the importance of understanding thermotolerance and heat stress responses in grape leaves, evidence of the underlying molecular pathways is limited. However, the mechanism of grape response to extreme temperature stress remains unclear. Heat shock proteins (HSPs) and heat shock transcription factors (HSFs) play significant roles in thermotolerance. The accumulation of HSPs and expression of HSFs has been shown to be related to this process (Larkindale and Huang, 2004; Charng et al., 2006). The role of HSPs in scavenging reactive oxygen species (ROS), maintaining cell membrane integrity, and producing antioxidants and osmolytes is crucial for protecting plants from heat stress. Heat-responsive genes, in combination with transcription factors (TFs), are also induced in response to heat stress. Several transcription factor families, including DREB, MYB, NAC, HSF, and bZIP, play critical roles in heat stress response (Jiang et al., 2020). To better understand the mechanisms of the plant heat stress response, it is important to investigate the roles of different TFs involved in the process.

Transcriptomic analyses have provided comprehensive insights into the mechanisms underlying heat stress responses in grapes (Liu et al., 2012; Rienth et al., 2014; Jiang et al., 2017; Lecourieux et al., 2017; Kim et al., 2018). However, less attention has been paid to heat stress-related metabolic pathways and the molecular signaling networks involved in grapes. One promising avenue of research is examining endoplasmic reticulum (ER) protein processing in plant responses to heat stress (Li et al., 2015; Wang et al., 2017; Jin et al., 2020; Moreno, 2021). Many ER proteins such as HSPs and chaperones, are critical for ER function (Park and Seo, 2015). Accumulation of unfolded or misfolded proteins can lead to ER stress, which activates the unfolded protein response (UPR) to relieve stress. ER-associated degradation (ERAD) is a process that occurs in the ER and involves degradation of misfolded and unfolded proteins through a ubiquitin/proteasome mechanism. Although the above findings suggest a relationship between ERAD, UPR, and heat stress, the specific molecular mechanisms underlying this relationship have not been explored in grapes.

In this study, we selected five representative grape varieties (‘Xinyu,’ ‘Miguang,’ ‘Summer Black,’ ‘Beihong,’ and ‘Flame seedless’) with strong cultivation adaptability and wide planting area in Xinjiang as test materials. We compared the physiological, biochemical, and transcriptome data of five grape varieties after high-temperature treatment by simulating the natural high-temperature environment in a solar greenhouse. The objective of this study was to determine the heat tolerance levels of different grape varieties and identify important genes that may be related to HT resistance, including HSPs and TFs. Additionally, we detected changes in metabolic pathways after exposure to HT stress. This study contributes to a better understanding of transcriptome defense mechanisms associated with heat tolerance in grapes.




2 Materials and methods



2.1 Experimental materials, high-temperature treatment, and sample collection

This experiment was conducted at the Shihezi University Experiment Station greenhouse. The experimental materials consisted of 2-year-old seedlings of five grape varieties—’Xinyu’ (XY Vitis vinifera L., Originating from Xinjiang, China), ‘Miguang’ (MG V. vinifera L. × Vitis labrusca, originating from Hebei, China), ‘Summer Black’ (XH V. vinifera × V. labrusca, Origin in Japan), ‘Beihong’ (BH V. vinifera × V. amurensis), and ‘Flame seedless’ (FL V. vinifera L, Origin in the United States)—grown in cultivation bags measuring 27 cm (height) × 30 cm (diameter), with a culture medium of pastoral soil and organic matter in a ratio of 2:1. The plant row spacing was set at 80 cm × 100 cm, and soil moisture was maintained between 31% and 35%. Consistent field management practices were implemented for all plants throughout the experiment.

Ten plants with strong growth were randomly selected from each grape cultivar for temperature treatment. The temperature in the solar greenhouse was regulated by an exhaust fan, monitored by a temperature sensor, and maintained at 40 °C ± 2 °C (T: high-temperature treatment). If the temperature rose above 40 °C, the exhaust fan started to work, and the temperature was reduced. The high-temperature period was from 12:00 to 19:30 each day, whereas routine management was conducted during the other periods. The control temperature was set at 35 °C ± 2 °C (CK: control treatment, natural solar greenhouse temperature). In this experiment, a MicroLite-U disk temperature recorder was used to record the temperature once every hour for continuous monitoring of the greenhouse temperature. The temperature data are shown in Figure 1.




Figure 1 | Temperature was recorded of the greenhouse from 1–9 July 2019, China. On the X-axis, blue represents night temperatures, whereas yellow denotes day temperatures.



We conducted high-temperature (HT) treatment from 1 to 7 July 2019 and collected grape leaves on the 7th day of HT treatment. At the same time, the leaves of grapes cultured at 35°C were collected as controls. Each grape variety randomly selected robust young leaves near the functional leaves of sections 9–11 from bottom to top and wrapped in tin foil. They were immediately frozen in liquid nitrogen and stored at −80°C for RNA seq analysis.




2.2 Physiological measurements

Four physiological indexes were measured for each grape cultivar to analyze the physiological changes induced by heat stress. Superoxide dismutase (SOD) activity was determined by the nitrogen blue tetrazolium method, peroxidase (POD) activity was determined using the guaiacol method, and catalase (CAT) activity was detected by ultraviolet spectrophotometry (Cheng et al., 2018). The method described by Liu et al. (2013) was used to determine the production rate of O2−. The malondialdehyde (MDA) and hydrogen peroxide (H2O2) contents were determined using the method described by Li et al. (2015). The method described by Lichtenthaler (1087) was used to determine chlorophylla (Chla) and chlorophyllb (Chlb). A fluorometer (FMS-2, Hansatech, UK) was used to measure chlorophyll fluorescence. The photosynthetic parameters were investigated using a photosynthesizer (Li-6800, LI-COR, US).




2.3 RNA-Seq preparation and data analysis

On the 7th day of high-temperature stress at 4 p.m., each grape variety randomly selected robust young leaves near the functional leaves of sections 9–11 from bottom to top, immediately frozen with liquid nitrogen, and stored at −80°C for RNA-seq analysis. Total RNA from 30 samples was extracted using TRIzol Reagent (Invitrogen, Canada). The total RNA was quantified using a 2100 Bioanalyzer (Agilent Technologies). These libraries were then sequenced by Shanghai Personal Biotechnology Cp. Ltd. using Next-Generation Sequencing (NGS) technology based on the Illumina sequencing platformAfter on-line sequencing, the samples generated raw Data of FASTQ and were statistically calculated We used the DESeq R package to analyze differences in gene expression (DEGs) and screened for DEGs that met the following conditions: | log2foldchange | ≥1 and p-value ≤0.05.




2.4 Validation of gene expression by qRT-PCR

QRT-PCR was performed on nine DEGs related to HT treatment, repeated three times for each sample. QPCR for the relative expression levels of target genes was performed using the CFX Connect Real-time PCR Detection System (BioRad, USA) and SYBR® Premix Ex TaqTM II (TaKaRa). Total RNA was extracted from the grapes using the TRIzol reagent (Invitrogen). This kit was used for gDNA removal (TransGen Biotech, Beijing, China). Actin was used as an internal reference control for data normalization. The expression level of each target gene was calculated using the 2−△△Ct method (Ma et al., 2015).




2.5 WGCNA and correlation analyses of physiological index-related genes

We built gene co-expression networks based on the DEGs using weighted correlation network analysis (WGCNA) in the R package (Langfelder and Horvath, 2008). DEGs from the five grape varieties (high-temperature and control-treated samples) were used for the co-expression analysis. All physiological indices were examined for correlation with the modules and all genes in each module. Significant high-temperature tolerance-related modules were detected based on the highest correlation values with the physiological indices.




2.6 Statistical analysis

SPSS software (version 19.0) was used for the analysis of variance (P ≤0.05), and Duncan’s method was used for multiple comparisons and significance tests. The results are presented as mean ± standard error of three replicates.





3 Result



3.1 Physiological changes in five grape varieties under HT

The levels of MDA and H2O2 increased significantly in XH and BH grapes (Figures 2A, B), while O2− content increased in XY and BH grapes (Figure 2C), indicating that oxidative damage occurred in the plants. The activities of SOD, POD, and CAT decreased in all five grape varieties after exposure to HT stress (Figures 2D–F). This reduction in enzyme activity may be due to structural damage and depletion of antioxidant enzymes. Principal component analysis (PCA) showed that the first and second principal components explained 38.6% and 22.2% of the variance, respectively (Figure 2G). Before the high-temperature treatment, the first group of cultivars (BH, XY, and FL grapes) and the second group of cultivars (XH and MG grapes) clustered together. However, after the high-temperature treatment, the five grape varieties showed more significant separation, indicating that HT had different effects on them compared to CK. Supplementary Figure S1 shows the changes in chlorophyll fluorescence and photosynthetic parameters of leaves from different grape cultivars following the HT stress treatment. Under HT conditions, the total chlorophyll content (Chl), intercellular CO2 concentration (Ci), net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) decreased. Conversely, the intercellular CO2 concentration (Ci) and initial fluorescence (Fo) increased in all five grape cultivars. Notably, the largest increases in Ci and Fo were observed in BH grapes, suggesting that HT stress had the most significant effect on light energy conversion efficiency in this cultivar.




Figure 2 | Physiological analysis of five grape varieties under HT stress. The graphs showed the levels of (A) malondialdehyde (MDA) content. (B) hydrogen peroxide (H2O2) content. (C) Superoxide anion (O2−) content. (D) peroxidase (POD) activity. (E) catalase (CAT) activity. (F) Superoxide dismutase (SOD) activity. Values followed by the same letter were not significantly different (p < 0.05) according to Duncan’s assay significant difference test. (G) Principal component analysis (PCA) of the five grape leaves. Small letters indicate significance between the different varieties (P <0.05). In subpanels (A–G), CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively. XY, MG, XH, BH, and FL represent “Xinyu,” “Miguang,” “Summer Black,” “Beihong,” and “Flame seedless” grapes, respectively.






3.2 Quality evaluation of RNA-Seq data

The raw data of 30 samples from XY, MG, XH, BH, and FL grapes were analyzed, and it was found that Q20 (%) >97% and Q30 (%) >93% met the standards for further biological analysis. Transcriptome sequencing data from 30 samples were filtered to remove adapters and low-quality reads to obtain Clean Reads and Clean Data. The ratio of clean reads and clean data obtained from each sample to the original reads was above 92%. The filtered reads were aligned to the reference genome using the upgraded version of HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml) in TopHat2. At least 36,996,094 reads were aligned with the reference genome for each sample, accounting for more than 93.52% of the total clean reads for each sample. Of these, 97.43%–97.75% of the reads were aligned to a unique position in the reference genome, while 2.25% to 2.57% of the reads were aligned to multiple positions in the reference genome (Supplementary Table S1). In general, the RNA-seq data alignment rate was high, indicating that the RNA-Seq data utilization rate was high, which ensured the validity and accuracy of the sequence assembly and post-analysis.

We conducted PCA on the samples and found that the spatial dimensions of the XH and FL samples were similar to those of the control samples after HT treatment; however, the spatial distance was large, indicating that different temperature treatments had a significant impact on the expression of samples (Supplementary Figure S2). Secondly, we analyzed the repeatability of RNA-seq samples using Pearson’s Correlation Coefficient (r) as a parameter of biological repeat correlation. The closer the value of r2 is to 1, the higher the correlation between the two replicate samples, and the closer it is to 0, the weaker the correlation. In this study, the r2 values between the three biological replicates of the same sample were close to 1, indicating that the RNA-Seq samples had good repeatability, and the data were reliable (Supplementary Figure S3).




3.3 Differential expression in five grape varieties

After analyzing the gene expression of the 10 treatment groups, we compared grape varieties treated at different temperatures with the same grape varieties treated at different temperatures. We used DEGseq to identify genes that were differentially expressed under HT (q-value ≤0.05, |log2 fold-change| ≥1). Hierarchical clustering analysis (HCA) showed that the high-temperature-treated samples and control samples were clustered together, indicating an overlap in responsive genes between these treatments (Supplementary Figure S4).

In this study, we identified 550 (upregulated 314, downregulated 236), 628 (upregulated 414, downregulated 214), 898 (upregulated 487, downregulated 411), 1,013 (upregulated 557, downregulated 456), and 1,062 (upregulated 461, downregulated 601) genes in XY, MG, XH, BH, and FL grapes, respectively. Furthermore, we observed a significant increase in differentially expressed genes (DEGs) under heat stress in different grape varieties. Among these varieties, MG grapes had the least number of DEGs, while XY grapes had the greatest number (Supplementary Table S2A; Supplementary Figure S5). We conducted a comparative analysis of DEGs among grape cultivars exposed to different temperatures. Specifically, we identified the intersection of upregulated and downregulated DEGs across all grape cultivars to determine shared core sets. In addition, we examined the intersection of DEGs among grape varieties under HT treatment to identify the shared core sets. In the control group compared to the HT treatment group, we identified 83 DEGs (Figure 3). We found that HT stress resulted in a greater number of upregulated than downregulated genes in different grape varieties. A detailed list of the shared DEGs grouped by treatment type is presented in Supplementary Table S2B.




Figure 3 | DEG analysis of five grape cultivars after HT treatment. (A) Total number of DEGs and the shared core sets of up and downregulated DEGs in all grape cultivars under different temperature treatments. (B–D) Statistics of DEGs and shared core sets of up and downregulated DEGs in all grape cultivars under HT treatments. In subpanels (A–D), CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively. XY, MG, XH, BH, and FL represented “Xinyu,” “Miguang,” “Summer Black,” “Beihong,” and “Flame seedless” grapes, respectively.






3.4 Functional enrichment analysis of DEGs in five grape cultivars

Through GO enrichment analysis, DEGs were enriched into three categories: biological process (BP), cellular component (CC), and molecular function (MF). In the comparison of the same temperature varieties with different varieties, in the BP category, cell communication and defense responses were significantly enriched. ADP binding, adenyl ribonucleotide binding, and adenyl nucleotide binding were significantly enriched in MF category. In the CC category, the cell periphery, membrane, and plasma membrane were significantly enriched (Figures 4A, B). Lists of annotation and enriched GO terms for these DEGs grouped by treatment type can be found (Supplementary Tables S3A, B).




Figure 4 | Functional enrichment analysis of differentially expressed genes in the five grape varieties. (A, B) GO enrichment analysis was performed for the DEGs. Y is the term of GO, and X is the number of DEGs. MF, molecular function; CC, cellular component; BP, biological process. Select the top 10 GO term entries with the smallest p-value and the most significant enrichment in each Go classification for display. (C, D) analyzed the significant enrichment of the differential gene KEGG and selected the top 10 pathways with the smallest p-value and the most significant enrichment for display. In subpanels (A–D), CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively. XY, MG, XH, BH, and FL represent “Xinyu,” “Miguang,” “Summer Black,” “Beihong,” and “Flame seedless” grapes, respectively.



To clarify the biochemical metabolism or signal transduction pathways in which different genes may participate in different samples, KEGG pathway enrichment analysis was carried out. In the comparison of five grape varieties under different temperatures, flavonoid biosynthesis, protein processing in the endoplasmic reticulum, plant hormone signal transduction, carotenoid biosynthesis, and starch and sucrose metabolism were significantly enriched (Figure 4C). In the comparison of the control with the five grapes, glutathione metabolism, DNA replication, flavonoid biosynthesis, and phenylpropanoid biosynthesis were significantly enriched (Figure 4D). Lists of annotation and enriched pathways for these DEGs grouped by treatment type can be found (Supplementary Tables S4A, B). These pathways mainly involve were genetic information processing, metabolic pathways, and environmental information processing. HT stress significantly promoted DEGs involved in protein processing in the endoplasmic reticulum pathway, and many HSPs were upregulated. This indicates that grapes can improve their heat tolerance by rapidly accumulating heat shock proteins under HT stress. At the same time, the peroxisome pathway was also activated and upregulated in the five grape varieties, genes involved in photosynthesis and antenna protein were inhibited, and differential genes in the carotenoid biosynthesis pathway were promoted. This may indicate that the growth of the grapes was inhibited. Genes related to glutathione metabolism, proline metabolism, ascorbate and aldate metabolism were upregulated to protect plants.




3.5 Expression of antioxidant enzyme-related genes

In this study, 105 genes encoding enzymes were involved in ROS regulation. Two catalase (CATs), two ascorbate peroxidase (APXs), 52 glutathione S-transferase (GSTs), two superoxide dismutase (SODs), two glutathione peroxidase (GPXs), and 49 peroxidase (POXs) genes were differentially expressed after HT treatment compared to the controls (Figures 5A, B). These DEGs showed different expression patterns in different grape cultivars under HT stress. After HT treatment, most DEGs were upregulated in BH, FL, and XH grapes, and downregulated in MG and XY grapes. Among the cultivars, there were 15 genes with differential expression of more than 4.00 times. Lists of these DEGs can be found (Supplementary Table S5). To validate the RNA-Seq data, four DEGs were selected for real-time PCR analysis (Figures 5C–F). The expression patterns of both the qRT-PCR and RNA-Seq data were highly consistent. Therefore, these genes may play an important role in the heat-stress response of grape leaves.




Figure 5 | (A, B) Heatmap of the expression patterns of the selected genes involved in ROS scavenging in response to HT stress. The color bar indicates gene fold change, upregulation is indicated in red, and downregulation is indicated in green. (C–F) Expression profiles of the selected DEGs determined using RT-PCR analyses and the line indicates the relative gene transcription level in RNA-Seq. Error bars represent mean ± SD. XY, MG, XH, BH, and FL represent CK_XY_vs_T_XY, CK_MG_vs_T_MG, CK_XH_vs_T_XH, CK_BH_vs_T_BH, and CK_FL_vs_T_FL, respectively. CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively.






3.6 Expression of transcription factor genes

A total of 1,213 transcripts encoding TFs were differentially expressed in the five grape cultivars. Among the differentially expressed TFs, the bHLH, ERF, MYB, WRKY, G2-like, and HSF families were found to be represented by more than 76% of the TF-encoding transcripts in the five grape cultivars (Figure 6A). There were six common transcription factors in CK_BH_vs_T_BH, CK_FL_vs_T_FL, CK_MG_vs_T_MG, CK_XH_vs_T_XH, and CK_XY_vs_T_XY, among which, one HSF (VIT_00s0179g00150, upregulated in five grape cultivars after HT treatment), three ERFs (VIT_11s0016g05340 upregulated in five grape cultivars after HT treatment, VIT_03s0063g00460 and VIT_11s0016g00660 upregulated in BH, FL and XH, but downregulated in MG and XY after HT treatment), one G2-like (VIT_06s0004g05120, downregulated in five grape cultivars after HT treatment) and one bHLH (VIT_13s0047g00450 downregulated in BH, FL, and XH after HT treatment, but upregulated in MG and XY after HT treatment) (Figures 6B, D). In addition, 22 common TFs encoding six ERFs, five bHLHs, four MYBs, four WRKYs, one NF-YB, one MIKC_MADS, and one AP2 in T_XY_vs_T_BH, T_XY_vs_T_FL, T_XY_vs_T_MG, and T_XY_vs_T_XH. Lists of these DEGs can be found (Supplementary Table S6). Among them, 16 DEGs were significantly upregulated after HT treatment and three DEGs were significantly downregulated after HT treatment (Figures 6C, E).




Figure 6 | Transcription factor families were differentially expressed in grape cultivars under the HT treatment. (A) Statistics of the differential expression of transcription factors in the five grape varieties under HT stress. (B, C) Venn clustering analysis was conducted. Shared core sets of up and downregulated TFs in all grape cultivars under HT treatment. (D, E) Heat map of core TF expression. Upregulation is indicated in red, and downregulation is indicated in green. In subpanels (A–E), CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively. XY, MG, XH, BH, and FL represented “Xinyu,” “Miguang,” “Summer Black,” “Beihong,” and “Flame seedless” grapes, respectively.



In the HSFs families, five genes were induced during heat treatment. HSFA-6b (VIT_00s0179g00150) was significantly upregulated in all five grape cultivars after HT treatment. HSFA-6b (VIT_05s0020g04090), HSFAB-2b, HSFB-3, and HSFBC-1 were significantly downregulated in XY, BH, and FL grapes after HT treatment, but were not significantly expressed in MG grapes. Interestingly, heat significantly upregulated the bHLHs and WRKYs genes after HT treatment. Several TFs, including ERFs and MYBs, were specifically downregulated after HT treatment. The basic leucine zipper (bZIPs), NACs, C2H2s genes were heat-regulated in grape leaves and showed different expression patterns in five grape cultivars after HT treatment.




3.7 Metabolic pathways under HT stress



3.7.1 Abscisic acid

In this study, two pathways representing components of ABA, carotenoid biosynthesis, and ABA signal transduction (Figure 7A), were found to be significantly enriched after HT treatment. Four DEGs correlated with ABA biosynthesis and signal transduction were selected for qRT-PCR analysis (Figures 7B–E), and the expression patterns of qRT-PCR and RNA-Seq were highly consistent. Additional information on these genes can be found in Supplementary Table S7. ABA biosynthesis was significantly enriched with two beta-carotene 3-hydroxylase (crtZ) genes and three 9-cis-epoxycarotenoid dioxygenase (NCEDs) genes. Furthermore, beta-carotene hydroxylase was found to be significantly upregulated in XY and MG but downregulated in XH and FL.




Figure 7 | ABA biosynthesis and signaling transduction demonstrating a logfold change in DEGs because of the HT treatment. (A) ABA biosynthesis and signaling transduction pathways. Each row represents a significant DEG. The maximum and minimum values of gene expression in the same row are given a corresponding color. Genes without colors were not differentially expressed in this experiment. (B–E) Expression profiles of the selected DEGs determined using RT-PCR analyses and the line indicates the relative gene transcription level in RNA-Seq. Error bars represented the mean ± SD. XY, MG, XH, BH, and FL represent CK_XY_vs_T_XY, CK_MG_vs_T_MG, CK_XH_vs_T_XH, CK_BH_vs_T_BH, and CK_FL_vs_T_FL, respectively. CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively.



The expression of genes associated with the ABA catabolic process, including three (+)-abscisic acid 8’-hydroxylase (CYP707A). Notably, the interaction between ABA and H2O2, ABA promoted H2O2, and CAT gene expression can inhibit H2O2. Except for MG, three ABA receptor-encoding genes PYL and four protein phosphatase 2c (PP2Cs) were significantly expressed in the other four grape cultivars, as were two serine/threonine-protein kinase (SRK2s) genes and one ABA-responsive element binding factor (ABF) gene associated with ABA signaling transduction.




3.7.2 Auxin

The transcription of the auxin pathway, including auxin synthesis and signal transduction, was very different among the five grape varieties after heat stress (Figure 8A); the information on these genes is shown in Supplementary Table S8. Among the four pathways of ethylene production, the tryptophan–indolepyruvate–IAA pathway enriched the most DEGs, including two L-tryptophan-pyruvate aminotransferase (TAA1) genes and six indole-3-pyruvate monooxygenase (YUCCAs) genes. XH grapes enriched the most DEGs. Of these, four genes were upregulated and two genes were downregulated. BH grape had the least enriched DEGs, with only two genes. It has been speculated that heat stress mainly affects auxin synthesis in grapes through this pathway. Genes associated with IAA signal transduction were the most affected by HT and tended to show complex expression patterns among the five grape varieties. Seven auxin-responsive protein IAA genes, 33 small auxin up RNA (SAUR) family protein genes and five gretchen hagen 3 (GH3) family genes were significantly enriched. Among them, XH enriched the most downregulated genes. BH enriched more upregulated genes and MG enriched the least DEGs. To validate the RNA-Seq data, five DEGs that correlated IAA biosynthesis and signal transduction were selected for qRT-PCR analysis (Figures 8B–F), and the expression patterns of both qRT-PCR and RNA-Seq were highly consistent.




Figure 8 | IAA biosynthesis and signaling transduction demonstrating a logfold change in DEGs because of HT treatment. (A) IAA biosynthesis and signaling transduction pathways. Each row represented a significantly DEG. The maximum to minimum values of gene expression in the same row were given a corresponding color. Genes without color were not differentially expressed in this experiment. (B–F) Expression profiles of the selected DEGs determined using RT-PCR analyses and the line indicates the relative gene transcription level in RNA-Seq. Error bars represented the mean ± SD. XY, MG, XH, BH, and FL represent CK_XY_vs_T_XY, CK_MG_vs_T_MG, CK_XH_vs_T_XH, CK_BH_vs_T_BH, and CK_FL_vs_T_FL, respectively. CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively.






3.7.3 Starch and sucrose metabolism

We observed that all HT treatments resulted in the major downregulation of genes leading to the production of d-fructose, d-glucose 6-phosphate, d-glucose, and alpha-trehalose (Figure 9A). Three sucrose synthase (SUSs) genes were upregulated in T_XY_vs_T_FL, and two sucrose-phosphate synthase (SPSs) genes were downregulated in four grapes, but not in MG grapes, and the information on these genes is shown in Supplementary Table S9. Four alpha-amylase (AMYs), three beta-amylase, one glycogen phosphorylase (PYG), and two 4-alpha-glucanotransferase (malQs) genes were downregulated in five grapes after HT treatment  (Supplementary Table S9). HT treatment resulted in different expression patterns of genes involved in the conversion of UDP-glucose to d-fructose, d-glucose, and maltose.




Figure 9 | Starch and sucrose metabolism demonstrating major shifts in the expression of metabolic enzymes in response to HT stress in the five grape cultivars. (A) Starch and sucrose metabolism pathways. Each row represents a significant DEGs. The maximum to minimum values of gene expression in the same row were given a corresponding color. Genes without color were not differentially expressed in this experiment. (B–F) Expression profiles of the selected DEGs determined using RT-PCR analyses the line indicated the gene relative transcription level in RNA-Seq. Error bars represent mean ± SD. XY, MG, XH, BH, and FL represent CK_XY_vs_T_XY, CK_MG_vs_T_MG, CK_XH_vs_T_XH, CK_BH_vs_T_BH, and CK_FL_vs_T_FL, respectively. CK and T represent the control treatment (35 °C ± 2 °C) and high-temperature treatment (40 °C ± 2 °C), respectively.



Simultaneously, five DEGs that correlated starch and sucrose metabolism were selected for qRT-PCR analysis (Figures 9B–F), and the expression patterns of both qRT-PCR and RNA-Seq were highly consistent.





3.8 Physiological index-related DEGs revealed by analysis of co-expression networks

A total of 16 WGCNA modules were identified using co-expression network analysis (Figures 10A, B). Among them, the MEpurple module, composed of 167 genes, had the highest correlation with the transpiration rate. The other modules showed lower correlations. There were 17 genes in the MEpurple module (seven HSP20s, three HSPA1s, two HSPE1s, two HSP1s, two HSP90Bs, and one HSPA9) and one heat shock transcription factor (HsfA2). These DEGs were significantly upregulated after high-temperature treatment compared with the controls (Supplementary Figure S6).




Figure 10 | WGCNA of DEGs in grape leaves subjected to HT. (A) Hierarchical clustering of samples. Each color in the figure indicates that each gene in the clustering tree corresponding to one color belongs to the same module. (B) Module—biological character correlations and corresponding p-values. The left panel shows 16 modules. The color scale on the right displays a module-trait correlation from −1 (blue) to 1 (red).



GO enrichment analysis of MEpurple module genes mainly includes “response to temperature stimulus,” “response to heat,” “unfolded protein binding,” “response to abiotic stimulus,” and “response to reactive oxygen species” terms (Supplementary Figure S7A). By comparing the enrichment analysis with KEGG data, the MEpurple module covered pathways related to, “Spliceosome,” “Protein processing in endoplasmic reticulum,” and “Endocytosis” (Q <0.05) (Supplementary Figure S7B).

In addition, we established a MEpurple gene regulation network using WGCNA. The results showed that VIT_06s0004g00240, VIT_05s0051g00340, VIT_01s0011g04990, and VIT_12s0057g00670 were mainly involved in folding, sorting, and degradation (Supplementary Figure S8).





4 Discussion

HT stress has been shown to significantly reduce grape yield, leading to a lower economic income. We investigated the physicochemical and transcriptomic changes that occur under these conditions to understand the impact of HT on different heat-sensitive grape varieties.



4.1 Phenotypic response to HT treatments

Under normal conditions, the ROS content in plants is low, which plays an important role in maintaining the stability of the intracellular signaling system (Schneider et al., 2019; Nadarajah, 2020). After HT stress, plants produced a large amount of ROS. This aggravates the degree of membrane lipid peroxidation and leads to cell death, thus inhibiting plant growth (Qi et al., 2010). Important antioxidant enzymes in plant cells include SOD, CAT, and POD. Antioxidant enzymes can remove H2O2 and O2− produced by HT stress to maintain ROS in cells and protect the stability of cell membranes. SOD can convert O2− into H2O2 and O2, whereas POD and CAT can further decompose H2O2 into H2O and O2 (Ruelland and Zachowski, 2010). In this study, the H2O2, O2−, and MDA contents in the five grape leaves increased significantly after HT treatment. BH and XH accumulated higher levels of H2O2 and MDA, which may lead to damage to the cell membrane. However, XY and FL were significantly lower than those of the other cultivars. An increase in MDA and H2O2 content caused by HT stress has also been reported in other plants, such as rice and pepper (Kumar et al., 2012; Li et al., 2015). In this study, the enzyme activities of SOD, CAT, and POD decreased in the five cultivars. This indicated that HT stress inhibited the expression of the enzymes or destroyed their structure of the enzymes, causing a decrease in the activities of the protective enzymes.




4.2 Gene transcription profile in response to HT stress

We performed mRNA sequencing to reveal differences in gene expression among the five grape varieties. The five grape cultivars exhibited distinct differences in their transcriptome levels in response to heat stress. After HT stress, T_XY_VS_T_BH and CK_XY_VS_T_XY showed the highest numbers of DEGs. A previous study also found that the number of DEGs was far greater in heat-resistant jujube and Pyropia haitanensis strains than in the heat-sensitive jujube and P. haitanensis strains (Wang et al., 2018; Jin et al., 2020). In our study, XY was better able to increase transcriptional regulation in response to HT stress than BH grapes. Through GO and KEGG enrichment analysis, these DEGs were mainly enriched in “response to temperature stimulus,” “response to active oxygen specifications,” “response to heat,” “response to hydrogen peroxide,” “response to abiotic stimulus,” “protein processing in endogenous reticulum,” “plant hormone signal transformation,” and “cartotenoid biosynthesis.” This may reflect their similar responses to heat stress, which is similar to previous studies (Jin et al., 2020; Liu M. et al., 2020). This indicated that similar key regulatory pathways play important roles in the response to high-temperature stress.




4.3 HSPs and transcription factors related to HT stress response

HSPs are important cellular response proteins in plants that can be immediately induced by HT (Liu et al., 2012; Wang et al., 2019). HSP70 and HSP90 have been identified as heat response factors in tomatoes, dates, and rice (Frank et al., 2009; Jung et al., 2012; Jin et al., 2020). The expression levels of HSPs (HSP17.6, HSP22, HSP21, and HSP40) are significantly increased in grapevine leaves under heat stress (Wang et al., 2010; Jiang et al., 2017). In this study, a total of 36 HSPs chaperones were significantly up regulated by HT stress, including HSP101, HSP70, HSP83, HSP90, HSP18.1, HSP17.3, HSP17.1, and HSP25.3. These results indicate that upregulated HSP genes play an important role in the heat tolerance of grapes.

  
TFs are important for regulating plant development and stress responses (Amorim et al., 2017; Ng et al., 2018). Under HT stress, heat stress-induced or heat-suppressed TFs in plants potentially contribute to the differential regulation of downstream genes (Wahid et al., 2007). HSF is closely related to the regulation of plant thermal stress and has been reported in Arabidopsis, rice, tomato, and potato (Song et al., 2016; Ibanez et al., 2017; Singh et al., 2018; Fragkostefanakis et al., 2019). HSFA2 regulates the expression of some HSPs genes, such as HSP101, HSP70, and HSP15.7 (Nishizawa et al., 2006; Jiang et al., 2017). We found 15 HSFs genes, but only four genes were induced during heat treatment. HSFA2 and HSFA-6b were significantly upregulated in five grapes, similar to previous studies (Liu et al., 2012; Jiang et al., 2017). At present, research on WRKY transcription factor under HT stress has mainly focused on Arabidopsis (Li et al., 2011), wheat (He et al., 2016), and pepper (Cai et al., 2015). We found that WRKY33, which could be involved in the heat response of grape leaves, was upregulated in three grape cultivars. Overexpression of MYB genes can enhance the thermotolerance of genetic plants (Amano et al., 2012; Zhao et al., 2017). Wang et al. (2019) found that the expression of some MYB transcription factors changed after heat stimulation in grape leaves. Our results indicated that MYBA6 and MYB108-like are induced by HT. However, MYB114 was strongly repressed in five grapes, indicating that they were involved in the HT stress response. The overexpression of TaNAC2L and NAC019 can improve thermotolerance in Arabidopsis (Guan et al., 2014; Guo et al., 2015). NAC56 was highly expressed in MG grapes, but downregulated in other grapes, suggesting that NAC56 participates in the heat stress response and plays different roles in heat-resistant and heat-sensitive cultivars. bHLH plays an important role in plant stress resistance. However, there are few reports on the response of bHLH cells to HT stress. In our study, many bHLH genes were significantly upregulated after heat treatment, which is consistent with reports on tea (Wang et al., 2019) and wheat (Cui et al., 2018).




4.4 Endogenous hormone pathways in response to HT

Abiotic and biotic stresses are effectively responded to by abscisic acid (ABA) and is called “stress hormone” (Suzuki et al., 2016; Zhu, 2016). Adversity stress leads to a rapid increase in ABA content in plants, which enhances ABA signaling and thus improves stress resistance (Ji et al., 2011). A key rate-limiting enzyme in ABA biosynthesis is 9-cis-epoxycarotenoid dioxygenase (NCED) (Hwang et al., 2018), which has an obvious regulatory effect on abiotic stresses, such as drought (Li et al., 2018) and heat stress (Zhou et al., 2022). In our study, NCED2 was greatly upregulated in three grapes and NCED1 was upregulated in one grape after HT treatment. Drought stress has been reported to be triggered by PYR/PYL/RCAR (hereafter PYLs) proteins. These proteins function as ABA receptors (Pizzio et al., 2013; Liu et al., 2019). Two PYL4s and one PYR1 were upregulated after HT in the four grape cultivars. This indicates that, under HT stress, the VvPYL4 gene is involved in the defense response induced by HT. Protein phosphate 2C (PP2C), a key regulator of the ABA signaling pathway, also has an obvious regulatory effect on abiotic stress (Manabe et al., 2007; Bhaskara et al., 2017; Lenka et al., 2018). In this study, one PP2C and four probable PP2Cs were upregulated and downregulated, respectively, after HT in the four grape cultivars, and there was no differential expression in MG grapes.

In this study, we found that the expression patterns of genes related to IAA synthesis were significantly altered in plants exposed to heat stress. After HT stress, most GH3 genes were downregulated in CK_MG_vs_T_MG, CK_XH_vs_T_XH, and CK_XY_vs_T_XY. This is consistent with the results of previous studies (Du et al., 2013). Aux/IAA proteins mediate drought tolerance in Arabidopsis by regulating glucosinolate levels (Salehin et al., 2019). IAA5, IAA6, and IAA19 are important for drought responses (Shani et al., 2016). Plants overexpressing OsIAA20 showed the opposite phenotype to that of OsIAA20 RNAi transgenic rice (Zhang et al., 2021). After HT treatment, IAA9 was upregulated in the four grape cultivars, and the upregulation in the expression of IAA28 was BH grape-specific.




4.5 Sugar and starch

Many crop species have been shown to be stressed by abiotic stresses related to sugars (Parrotta et al., 2016; Londo et al., 2018; Wang et al., 2020). In higher plants, sucrose synthase (SuS) and sucrose phosphate synthase (SPS) are the key enzymes involved in sucrose metabolism. A recent study found that SUS and SPS might participate in resistance to HT stress (Zhou et al., 2016; Kana et al., 2018; Verma et al., 2018). The HT treatment repressed the expression of SUS7 and SPS1 in the five grape cultivars. When stress was present, SUS and Invertase (INV) levels decreased before ABA levels increased, and stress-induced increases in ABA further inhibited their expression. (Ruan, 2014). HT treatment resulted in the following results: SPS, SUS, and INV-related genes were significantly downregulated in CK_FL_vs_T_FL and CK_XY_vs_T_XY, indicating that HT inhibited sucrose metabolism in XY and FL grapes, whereas XY grapes had a significantly increased sensitivity to HT in their sucrose metabolism.

Alpha-amylase (AMY) and beta-amylase are the main enzymes involved in the catabolism of starch. In our study, the expression of four AMY and two beta-amylase genes encoding enzymes that degrade starch into maltose and dextrin in five grape varieties was downregulated after HT treatment. Two 4-alpha-glucanotransferases (malQ) responsible for the degradation of malt sugar into grape sugar were also downregulated, suggesting that HT stress inhibited starch degradation, thereby repressing the accumulation of grape sugar, especially in FL grapes. The enzyme cellulase hydrolyzes cellulose to glucose, which is then degraded by endoglucanase (EGL) (Payne et al., 2015; Chylenski et al., 2019). AnEGL demonstrated salt tolerance and thermostability in high salinity environments (Cai et al., 2022). Interestingly, six EGLs responsible for the degradation of cellulose into cellodextrin and cellobiose were also downregulated in the five grapes after HT treatment, suggesting that cellobiose may be the terminal response to heat. Compared with other grape cultivars, these EGLs genes were significantly upregulated, indicating that cellulose degradation in XY grapes is more sensitive to HT. Overall, all heat stresses in the five grape cultivars decreased the production of simple soluble sugars used in general metabolism, likely resulting in reduced growth and development.




4.6 Protein processing in endogenous reticulum

When plants are exposed to abiotic stresses, the endoplasmic reticulum plays a major role (Liu et al., 2021; Reyes-Impellizzeri and Moreno, 2021; Cao et al., 2022). Arabidopsis antioxidant defenses are modulated by ROS signaling induced by ER stress (Ozgur et al., 2014). Tomato expressing ER-sHSP constitutively displayed improved salinity tolerance (Fu et al., 2016). In our research, 41 HSPs participated in the protein processing in endoplasmic reticulum and significantly up-regulated expression in five grape cultivars after HT treatment, indicating that ER-sHSP actively responds to HT treatment to alleviate the damage of HT to grapes. Lists of these DEGs can be found (Supplementary Table S11). Calreticulin (CRT) and protein disulfide isomerase (PDI) are molecular chaperones that is involved in the pivotal protein folding in ER, they had been reported about abiotic stress (Jia et al., 2008; Xiang et al., 2015; Wang et al., 2017; Feldeverd et al., 2020; Wai et al., 2020; Meng et al., 2021). After HT stress, two CRTs were differentially expressed, of which VIT_14s0060g01290 was upregulated in CK_FL_vs_T_FL, while VIT_07s0005g01390 was differentially expressed among grape cultivars (Supplementary Table S11). One PDI gene (VIT_12s0059g01560) was found to increase expression levels in CK_FL_vs_T_FL and CK_XY_vs_T_XY under HT stress (Supplementary Table S11), this was consistent with previous research results (Wang et al., 2017; Feldeverd et al., 2020). In summary, sHSP, CRT, and PDI participated in the processing of proteins in the endoplasmic reticulum, affecting grape antioxidant defense and leading to changes in heat resistance.





5 Conclusions

In this study, BH and XH grapes accumulated higher levels of H2O2 and MDA after HT treatment, causing oxidative damage to plants. At the same time, the maximum increases in Ci and Fo were observed in BH grapes. However, XY and FL grapes were significantly lower than the other varieties, indicating that XY and FL grapes were better adapted to this HT environment than BH and XH grapes, followed by MG grapes. Meanwhile, with the help of RNA-Seq analysis, we investigated the underlying mechanisms associated with grape cultivar heat stress responses. We identified 83 shared genes between natural environment control conditions and high-temperature stress treatments across all five grape cultivars. We found that HT treatment resulted in a greater number of upregulated than downregulated genes in different grape varieties. GO and KEGG analyses revealed that DEGs in response to heat stress were enriched in metabolic pathways, protein processing in the endoplasmic reticulum, plant hormone signal transduction, and starch and sucrose metabolism. HT treatment significantly promoted DEGs involved in protein processing in the endoplasmic reticulum pathway, and many HSPs were upregulated. This indicated that grape can improve its heat tolerance by rapidly accumulating heat shock proteins under HT treatment. Our study indicates that examining the HT treatment response of grapevines at 40 °C does not fully elucidate or identify the most important elements of the heat stress response. At 35 °C and 40 °C, we observed very different transcriptional landscapes for key hormones, transcription factors, and sugar pathways under natural temperature and HT conditions. Based on these results, we may gain a better understanding of the molecular mechanisms of the grape heat stress response.
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